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sUWRCOHDIWTIW ?tAMCTIC CWUGY BTORME POR EL_IC PWER STSTW STABILIZATI~

R. D. Ttanmr

Umirornity of California
Loo Alaos Scientific Laboratory
Lao A3m08, Hmv tixico 07545

ABtwRAm

A lb~reonductlng Magnetic Enargy Storage
(SH’EB) syot~ 1s being dovolopod at tha Los Almoa
klantlfic Laboratory (fAL) for ● dynmic
●tabilizor to b- installed in the Bonnavillo Pwer
Mnietration (BPA) pwar symtm ●t Taclm# ,
Wahington, by 1902. ~ie unit vill b ● n altarfute
● tabilicmtion wthod to the dc ■odulator n- ueed to
● tabilice the 900 mile, ●c intertie bacnen BPA and
B.outhmrn California. The ,~enerstion control
syst-’ recponae co tha conetmtly occuring,
cull-load ●nd voltage changee can result in
negatively dmped, low-frequency pwar oscillations.
The dc modulator providen stabllixation by fast load
control of tha Righ-Voltage dc (HVK). The SHES
unit Cmnmimto of a 30-MJ solenoid, ● 1O-MU

eowertor, a llquid helim dewr, ●nd ●uxiliary
•yat~ which oparmte independent of the FIVW
syeta. The W’E9 dynmic ●tsbili~er design in
presented herain, and statun information in Biven
●bout the superconducting coil, the converter, ●nd
other caponents of the SHES dynrnic stebiliser.

ADVANCES IN SUPIZRCOWDUCTING TECHNOLOGY HAVE
PROGRESSED in recent years to indicate thot it-
utilisation by the ●lectric pwer industry will noon
become ● reality. The zero otmic renietance of ●

superconductor mkaa it unique. In ●olenoid form, a
●uperconducttng coil Is ●nmentlelly s clessical
inductor that can be utilized to ●tora ●nerm
through a high dc current with ● very long L/R time
constant. Any re~iotance srioen fran joints in tho
superconducting cable. Other mall losaas arise
fra ●c ●ffecte (hyctaroia ●nd ●ddy curronta)during
charge ●nd dtacharga of the coil.

A BHE8 unit 10 being developed ●t LASL for
●lectric paer ●yat- dyn~ic stabilization. Thim
unit will be Installed in the BPA pwer ●yota at
Taca.a, Uaohington(l*) by 1982 ●nd will be ●n
altarnatlve to the 40 HU-dc modulator which la n-
being used to c~ansate for the HVAC Intertie’n
underdmped characteristics. me SHBB unit will
oporata indapmdently of thm HVW ●ystm to provide
dqing to the ●c myotm.

Tit. Pacific Northueet-Southern tilifornis p-r
iutartio conaisto OF tw very laroe generator-load
caplexa located ●t the ●nds of s 900 mile,
relatively vaak tran~iselon ●y-t-, rig. 1. Thin
Crammlsslon system ie made of three ●aparata
tranmiaeion linam vhich ●re ●lectrically parallel.
* %phaaa, 50C-kV ●c lines, vhich ●leo have ●me
23D-kV ●eetiona, h~ve ● thermal de-inn rating of
2~MU ●ach. Tha HVDC intertie im the third ●yst.
Which has ● lk40+fbJ trmtmiesion cmpacity ●nd is

~bere in parentheeee dosiRnate Reference at ●nd
of paper

rig. 1. - Pacific lntertie tranfnlaoiom syct~
routes ●nd dyn=ic ●tsbllizern

operated ●t * 400 kV. This cranmismion ●yncm,
becauoe of itm ●lse and length, la an interragf,oml
intertie which c},aracteriotically raquireo more
●=tenalve stablli~ation than ia ccnnmonly needed by
radial intertia pmar ayatmm(2). C@eration of the
intertio provides for the ●xport of p~tr co
Southern California during parlods of ●xceos
capacity ●nd the day-to-day off-peak ●nergy ●=change
botueen p=r resions requirsd for load profile
●cotic dispatch.

Mfore tho initial ●nergiclng of the sc
intertia, ●tudiea had shm that und~r ●ae
load-~enarstion condftiona negatively drnped powr
oscillation ware likely to occur. Ihesc wuld
praent tha deeluned operatins pwer tran~isoion
capacity frm being reali~ad (3). Initial operation
confir9ed tha prediction, ●nd ● tranamiaaion pwer
limlt of 1700 HW waa umed until Power Syntm
Stabilisar (PSS) control symtmm vere lnatalled on
tho pnerstoro (4)o Tha PSS improv~d the •~mt~’s
dym-ie ●tabfllty, and ●table pear tranmiaoion at
21D0 HU Vas ●chieved until nid-1974 whm
spontaneous, negatively dmped, pwer oocillatlona
of ●bout 300 MU peak-to-peak _plicudo ●t 0.35 am



frequency ware obnerved ●veral time throughout che
Wentern Interconnected Power Syet=n, (3) Fig. 2. In
1975, a M-PIW, dc modulator wan installed by BPA to
provide additional dmping to the sc Intertie by
meann of fast load control of the HVDC ayatem. Thie
improved the ac ●yatem’a stability to allow the 2100
MU cranamiaaion operating limit to be Incraaaed to
25001’iu (5).

. .

Repreaentativea of BPA and LASL ❑et in 1975 to
explore the fea.zibility of a anall SIIES unit for uae
●m a dynmic stabilizer on the ac Intarcie to
provide an altemata ●yatem to tha dc modulator chat
WOU] d not be subject to the HVDC ●yatm”a
unavailability. Aa of nw. tw iteration of the
SFiES dynauic stabilizer dcaign have been completed
(6) . Tacanati Waahlngton, hau been chosen am tha
location for the inatallatlon of the stabilizer
unit, and some component fabrication ccntracta have
been placad with commercial manufacturer.

SMES DYNA!!IC STABILIZATION SYSTEH

A SFtES dynamic stabilizer conaiata of five
❑ajor components--a superconducting aolenoi(, an
●c-dc-ac solid-ntate converter, a liquid-helim
dewar, a liquid-helium refrigerator, and auxiliary
●nd control nyatrmm. ‘fhe functional relationahlp of
these components la ❑hwn in Fig. 3.

The technology baae needed for thene component
currently exiata in the varioua induntriea’
state-of-the-art. With tha exception of the
superconducting Clil and the dewar, dcnlgn
●daptations of currently manufactured equipnent can
be utilized for the ayatern. Both the
superconducting coil and ita dewar must be designed
for the rnquirementa of each application. BPA haB
parformed etudiea uning a raod~led SMES unit in their
●yatan an an alternate dynamic stabilizer for the
HVAC Intertie. They have recommended that the SHES
●tabilizcr”a power-absorption, power-delivery
capacity be * 10 MU. A * 5-UU pwar range of
operation providea caaentially all the atabilizacion
needed Ly the HVAC intertie. Purdue Unlvarnlcy haa

-r

FIs. 2. - NaEativaly dapad ●c Intartia oscillation
rocordad Au@uat d, 1974.

Fi~. 3. - Pfajor ayatem components of a SFfES unit

confirmed the previou~ BPA work through power system
●imrulation ntudiea of th, SMES unit atabilizer”s
storage capacity, ita pwer level and tirnc response,
and the expected control system behavior.

Table I la a aunmary of the auperconduccing
nolenoid’e design and operating parameters together
with the preltiinary dimenaiona.

SUPERCONDUCTING COIL

Heat auperconductine aolenoida that have been
deaignad in recent yeara and reporLed in the
literature are for applications that need large
eneru ecorage capacity euch as fusion power
experimerlta and daily load-leveling of electric
utility pover profilee (8,9). In contrast, the SMES
dynamic Ptabilicer Laquirea relatively emall
q?.antitien of energy atorapa thnt will be cycled in
and out of the coil many times on a daily basia for
periode of a few aeconda’ duration. The economicn
●aaociated with coil geauetry optimization (9) fnvor
● aolenoidal aepect ratio (diameter-to-hciRht) oi
approximately 3. Tha coil’e etored energy, when
fully charged, ie to be 30 MJ. A maximum enerEy
tranafer of 9.1 lfJ to the ac powar ❑yatem is the
deaisned diecharge limit. Limiting the
dapth-of-diechnrge minimizes the cyclic strain ant
magnetic field variation on the coil and ayetem
caaponenta, reduces the refrigeration heat lend, and
raducea the structural fatigue load as compared to
Operation ●t Sreeter dept-ot-discharge limitn.
Durlns a diecharge cycla, the coil current decreaeea
fra 4.9 kA to 4.17 kA. At the acme the, the
●agnotlc field raaximum ●t che conduccor decreaaaa

TABLE I - DESIGN PARAMETERS OF A 304,1
S’iSTM STABILIZING SHES UNIT

Maximum power capability, MU
Oparnting frequancy, Hz
l!herBy Interchange, MJ
?feximtm ●tored ●nergy, HJ
Coil current ●t full charEe, M
Maximum coil terminal voltage, kV
M~imum field ●t full charga, T
Imductence, H
Operating tmparatura, K
Raan radiua, m
ffeiaht, ❑

Eedial thickneaa, ■

Ihmber of turne

10
0.35
9.1

30.0
4.9
2.13
2.8
2.5
4.5
1.53
1.15
0.4

900



TABLE II - PARMRTERS OF A 30+J SYSTEM
STABILIZING COIL (6)

Energy stored ●t full charge, W 30

Mergy stored at end of diecharge, W 20.9

Current at full charge, W 4.9
Insulation standoff voltage, kV 10

Maxim- field ●t full charge, T 2.8
Inductance, H 2.5

Operating temperature, K &5

km radium, m 1.53
Reight, m 1.15
Radial thickneno, ❑ 0.4
kt~ber of turn-
Canductor leng h, m .

!
8:;

B’bTi volme, m 2.34x 10
MbTi mama. kg 131
&mpoaita core ma-a, kg 756
First subcable ❑aan, kg S750
Second subcable mane, kg 6750
Strap ❑ans, k~ 383
Current denoJ.ty in coppar at 4.9 kA, A m2

i
6.7x 10 ?

Current density in superconductor, A/m 1.3 x 109

frm 2.8 T to 2.3 T. Table II la a smmary of the
●uparconducting. coil parameters.

The maximum axial atreaa in the coil 7.2 FtPa
(105OPBI) occurs at the axial midplane ●t the mean
coil radium. Lf thin ❑trenn in carried entirely by
the conductor mupport strap, the raaulting otreoo in
the strap la 25 tfPa (3700 poi). Tne maximum radial
ntrcsn, which occurn near the average radius in the
●xial midplane, ie 20 FIPa (2900 psi) cmnprecoive in
the ●trap. The hoop stress maxtium of 303 FfPa
(44 000 psi) aleo occure at the coil midplane in tha
●trap. The main structural m,,cerial in the coil
structure till ba G-10 ●poxy-fiberglaoa.

A contract ham been ●warded to Gulf Ganeral
Atmic Co. for the detail design of the coil.

SUPERCONDUCT13RDESIGN

Tho conductor demign ●nd ita support are
patterned ●fter tho UeatinRhouse coil conatruct~d
for ths lASL/Hagnetic Ener~ Tranofar Storage (METS)
progrm. This coil was repeatedly cycled from cn
initial 300-kJ ●ner~ level to a ccmpleto discharge
without ●goriancing ● premature or unexpected loss
of ●uparconductivity. ~r the FIPA application, the
nms superconductor haa s modifiad filrnant
composition with ●ddad coppor to imp rovo itn
eryoatabllity ●nd maintain it- 10U loaa
eharacteriotico. Hgure 4 io m photomicrograph with
XNlm ma~nification of tha superconductor to bm umod
in tho cabls for tho coil.

Tha fir-t ●ubcabla, the fundmontal unit of the
cablo c~omtto, 10 ●n Insulatad, ●rray of ●ix,
U.51~-dian copper conductor- spiral ~appad around
a emntral ●up~rconduct ing strand of the •o~
di=atnr. Kapton film lo propooad ae an insulating
wrap for tha firot-loval subcable. Six, firmt-laval
subcsblao will ba cabled about ●n inactive central
coppar or ●uporconducting cora, which will ba u-ad
to detect rooiotivc re~ions. Ten of the
●acond-laval mubcablaa ara ●pir~l wrapped ●round ●

supporting ●trap to form tha complota conductor, s-o
Pit. $.

●
duhnt tradeurk

1..,,-
..IJ.J= “.

Fig. 4. - A photcmicrograph of NbTi/Cu superconductor
with a 500x magnification

Fig. 5. - Superconductor cable composite

Fabrication of tho 0.51m-di- ❑uperconduclor
ham bean c~leted mnd short aapl~ testing has been
don- to davelop statlaticm for the ❑ean critical
currant-background magnatlc field charmcterirntica.
A180, tho standard dsviation ●nd other ●tatiatictl
parmatora have baen ●valuated to dctarmine if theru



r

.

are ●igmificaat difference tionft
●upereondue tor.

The manufacture of the BPA
reeuired nine. heat-treated batchee

lote of the

superconductor
to produce the

c~lete order. %ven randm amplee were taken
frm ●ach heat-treated unit and a short ●mple
critical-current teat WMOperfotmed on each. The
critical-current mean 10 ●pproximately normally
distributed for the entire populati n.

‘cri ic 1= 123 A (J -2.42 x10&m* ;,4”5 Kwith ●

●tan$ar$ deviation 01 5.6A. This ~rovidea ●n
●daquate deeign mmrain for the lu value ueed in the
coil design.

~NVERTER SYSTDI

A Iinm-catated converter, Pig. 6, provldea
tbe ●lectrical interface between the superconducting
coil ●nd the BPA power eyata. It la ● Graetz
bridge cf.rcuit in which the ●tiiconductora ara
silicon controlled rectifiers (SCR), which can be
operated in either ractlfier or inverter modes. me
converter provides three baeic functions; to provide
● dc 1ink between the converter ●nd the
superconducting coil, to provide ac coupling betwean
the converter ●nd the ●c power ayetm, and to
prwide the needed isolation bet=en the ac ●nd dc
circuits, ~g. 6. In the rectifier mode, tha
converter abeorbe power fsm the ac ●yat= ●nd
converts it to dc for chtirsing the auperconducttng
coil. Canveraely, in ita invertet mode, stored
anergy la reconverted frm de to ac pmwer and
returned to the ac power ayatem. A twelve-pulse
converter will be used for the BPA stabilizer, in
which the tranafotmer’a dual-secondary, A-Y windings
provide a 30° phase shift of.the 3-phaa,, line power
for 6-phaae ac to the converter’e -- terminals.
Twelve-pulse converter provide dc with a lower
ripple content ●nd lower harmonic content which
reduces the filter requirement needed over what can
be obtained frmn a 3-phaae, 6-pulse converter.

The convorter design paramet.era are determined
~ r- the maximum ainuaoidal power demand with the
operating frequency of 0.35 Hz and the coil
characteriatica. For a maximum power of 10 NW, the
energy ●xchan8e required la 9.1 MJ. The maximum
coil current of 6.9 kA, determined becaume of
superconductor conaideratione, 10 alao the maximum
converter current. The maximum converter voltage
will be 2.13 kV ●t ● current of 4.6 kA. The
converter haa to be designed for the maximum
voltage. For ● 10Z commutation reactance and load

‘-=+!aN~’+--Lp’,’
Fig. 6. - S14ES converter ●yatem baaic circuit

currents of ●pproximately
of the converter ●hald be
converter thus ham ● ptwr

The Robicat Corp.,

5 kA, the no-load voltane
2.5 kY. The Inetalled
rating of 12.5 WI.
Pittsburgh. Pennavlvania.

haa bean awarded the contract to ‘build the SHEs
10+U converter, which la scheduled to be cmpleted
October, 1979. .Fig-Jre 7 ie the 12-pulac conw.rter

circuit showing ?.he ●lectrical componcnta that lC
will contain. lhe converter SCRZ as shown in Fis. 7
●re Uastinghnuae >3= cells which have a 3200 peak
inveree voltage raLh8 and ar~ mouoted on air cooled
heat ainke. Eight SCfb muet be mounted in parallel
for each of the 12 ●ectione ill the converter and
each will ba ●quipped with current-balancing
●.iiductora ●nd protective fusing. The SCR gate drive
will ba ● dual, hard-g~te drive impulse combined
with a pulse auatainer “back porch” current.
Converter control will be b analog input for SCR
conduction bet-en 10°●nd 165

%
phame angle delay

range.

COIL STASILIT’:. PROTECTION AND LOSSES

Although the propoeed coil and conductor will
be nelf-protecti~ under ragulnr operation, there
❑ay be circtmatancea which require a backup
protection ●yata to discharge the coil quickly. If
the ac-to-dc converter were used LO discharge 30 MJ
the decay the period will be 5.5 a. A di6charge of
coil energy through the converter to the ac line at
tha wrong time might trigger an instability of the
type tha unit la designed to control. Further, if
amergency eituationm such aa dewar vacuum Ioes arc
considered, which wuld reaul t in a eudden
superconducting to normal state transition (quench)
of the coil, it might be desirable CO reduce the
discharge time helm 5.5 a. Therefore, the coil
●nergy la to k dissipated in a l-olmn external
reaietoro with a terminal voltage of 5 kV and an L~R
decay time cf 2.5 ●, Fig. 7. !ahoratory experience
indicates that the quench detect!on aeneitivity
againat a background 2-kV operating voltage vmld

mmwwlmsumlllm ‘“” ,’ -,.

Flu. 7,0 - SHEJ SPA p-r ●yat~ dynamic stabilizer
convarter circuit
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carreepond to approximately one normal turn. A

themohydraulic analyeim mhwm that if the heat
tranafer does not change with time, the conductor
will simply remain at a t=peraLure of approximately
10 L The additional boiloff caueed by the
increaaed heat load of 33 W per normal turn could be
uoed to triggar the protection circuit= If ● nmber

of adjacent turns in the a=e layar are noml. the
vol=e of gaa Uenereted may reach a crlcicnl vapor
fraction which could cauae vaporlocking.
Cmlculatlona ehou that the electrical protection
eyatem ehould detect a considerably mailer normal
ragion ●nd would trigger wall befota ●uch ●

situation occurs.

CRYOCENIC COMPONENTS

The liquid heliuz dewar, refrigeration ayat”=,
●nd ●amociated peripheral provide the 4 K

t~erature ●nvironment for the superconducting
coil. J)evmr design ie contingent upon the

capletion of the final coil de~ign. It will be

fabricated of an insulating-material to avoid ●ddy
current heating and moat likely will be a
fiberglass-reinforced plaetic material. The dewar
will be cylindrical with the coil structure
●uepeuded frcm the rmnovable top cloeure. Tkble 111
ie e aunmary of the calculated loaeee that occur
durinR the charge-diecharge cycle of the stabilizer.

A ml Cryagenica/Sulzer Model TCF-50 liquid
heliun refrigerator ilas been purchased and will be
delivered in mid-1979. TIIe refrigerator is equipped
with tvo acreu-type comprenaorn to improve ita
long-term reliability. The compressor heliun flow
can be controlled from 30% to 100Z by a slide valve
●rranganent. Pm eatlmate of the dewar and coil heat
loada ie given in Table IV. Both the mechanical and

TABLE III - CALCULATED HSATING OR LOSSES IN
THE 30-NJ COIL DURING THE CNAF@E-DISCfiARCE CYCLE

. Conductor Loaeea— .

Hyatereeia, W 39.4
Balf-field, U 2.5
coupling, w 8.3
Eddy currente, W ~~

53.6

Structure Loemem— —

Mdy currents, W 0.2
Mechanical, U so. o

TASLf! IV - SU?NfA7iY OF CALCUfATEO REFRIGERATOR
UEQUIRENENTS FOR 30-MJ SYSTEN STABILIZING BNES UNIT

Cenductor ●c loeoee, U 59
Mechanical loaeaa, W 50
hwar heat leak, W 33

(radiation ●nd conduction)
Trannfer line looaee, W 3

(liquid nitrogen ■hieldins)
~ocal, W 14s

Liquefaction loade,
pwer Ieada. llh. W 15

●lectrical loaeea of the coil ●re conrrervative and
will probably be reduced.

CYCLIC EFFECTS

Ihe moat difficult area of dceign, for which
the l~aac knmledge exinta, LO that of mechanical
and electrical inccRrity. Th conce n arise9 from
the expected ❑inimal life of 1JtOIOE cycles for
tha stabilizing unit. Only ltiitcd information
●xiatc on cyclic, cryogenic propert[rs for
fiberglaaa-eporry l-inatea and electrical insulating
matariala. Abraaion, wear, ●nd cracking can be
●erloua problems.

An ●rperimant will be undertaken to determine
tim life ●xpectancy andlor deaip.n limits in term of
●treaeea snd bearing loada that can be imposed on
the conductor, the cable, and the insulation ‘to
maintain mechanical and ●lectrical integrity.

ENVT JNFIENTAL CONSIDERATIONS

All SMES units will produce ❑agnetie firldn
beyend the cryosenic enclosure. For the 30-!4J coil,

the field beyond the dear will be a few gauss. AI
40m (133 Et) the field due to the coil should bc
below the average value of the earth’s magnetic
field, 0.3 C. Forty matera is expected to be well

within the fence that defines the site boundary and
●urrounde the tranefomner, ccnverter, refrigerator,
and ceil. Consequently, no enviromnental impact IB

expectad from the magnetic field.

CONCLUSIONS

Superconducting magnetic energy storage syateme
for pmcr transmission line atabilizatlon are ucll
within the prement state of the art. A 30-)IJ
superconducting storage ayatam with a 10-tIu ptier
rating can be built to modulate, at 0.35 112, the
HVAC Intertie bctueaen the Pacific Northw?~t and
Southern California to damp the power ayatem
oacillatione.
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